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1
CURRENT SENSORLESS MPPT FOR PV
MICRO-INVERTERS

RELATED APPLICATIONS

This application is a non-provisional of U.S. Provisional
Patent Application No. 62/073,431 filed Oct. 31, 2014.

TECHNICAL FIELD

The present invention relates to circuit and control sys-
tems for photovoltaic (PV) micro-inverters. In particular, the
present invention relates to methods, circuits, and devices
for use with PV micro-inverters and for maximum power
point tracking (MPPT) of PV panels.

BACKGROUND

Photovoltaic (PV) power conditioning systems usually
include a maximum power point tracker (MPPT) in order to
ensure that the maximum available power is extracted from
the PV panels. The PV power conditioning system usually
consists of two stages. The first stage is a DC/DC converter.
The second stage is usually a DC/AC inverter. The DC/DC
converter is responsible for providing galvanic isolation as
required by grid interconnection regulatory standards. The
DC/DC converter also boosts the voltage at the output of the
PV panel. As well, the DC/DC converter control system is
responsible for extracting the maximum power from the PV
panel. The DC/AC converter converts the DC power to AC
power which can be delivered to the utility grid.

FIG. 1 shows an exemplary arrangement of a two-stage

PV power conditioning system. In FIG. 1, illustrated are:
a PV power conditioning system 1, a PV-panel 2, a DC/DC
converter 3, a DC-link 4, a DC/AC converter 5, and a utility
grid 6. The DC/DC converter 3 performs the maximum
power point tracking of the PV-panel 2. Also, present is an
intermediate DC-link 4 between the two stages of the power
conditioning system. This component is used so that energy
can be stored and to provide decoupling between the first-
stage and the second-stage of the system. As well, the
DC-link 4 attenuates the double frequency ripple caused by
the power ripple at the output of second-stage DC/AC
converter 5. The DC/AC converter 5 produces power com-
patible to the utility grid 6.

The arrangement in FIG. 2 shows an exemplary arrange-
ment of the DC/DC converter control system. This figure
shows that the control DC/DC converter control system 30,
includes: maximum power point tracker (MPPT) 32, and
DC/DC converter controller 34. The MPPT 32 produces the
reference value for the PV voltage/current according to the
feedback signals. These feedback signals are the PV output
voltage v, and the PV output current ip,. The MPPT 32
requires both the PV output voltage and current in order to
find the “maximum power point”. With the PV output
voltage v, and the PV output current i,,, the MPPT 32
produces the reference value for either the PV output volt-
age, V¥, or the PV output current, i* . This reference is
the input to the DC/DC converter controller 34. The DC/DC
converter controller 34 produces appropriate gate pulses for
the DC/DC converter in order to regulate the converter input
voltage or the converter input current.

In order to measure the output current of the PV panel, a
current sensor able to measure direct current (DC) is
required. Two types of current sensors are commonly used
to measure this DC current: Hall-effect current sensors, and
resistive current sensors.
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2

Hall effect sensors suffer from several practical difficul-
ties. Due to the remnant flux, such Hall effect sensors
introduce a time varying DC-bias into the control system. A
correction algorithm therefore has to be added to compen-
sate for this time varying DC bias. This correction algorithm
increases the complexity of the implementation of the con-
trol system and reduces the reliability of the converter. As
well, the bandwidth of the Hall effect sensors are limited and
they introduce delay into the closed-loop control system.
Such delay may jeopardise the stability of the control
system. Finally, Hall effect sensors are very costly and can
significantly contribute to the overall cost of the converter.

The second technique to measure the input current is
through the use of resistive current sensors. Resistive current
sensors require a very precise and noise-free differential
amplifier. These types of sensors also increase the power
losses of the converter. These power losses are not prefer-
able due to the efficiency deterioration and thermal man-
agement. The arrangement in FIG. 3 shows an exemplary
arrangement of the resistive current sensor used to measure
the output current of a PV panel. Referring to FIG. 3,
illustrated are: a resistive current sense 36, a precise differ-
ence amplifier 38, and an analogue-to-digital converter
(ADC) 40. This circuitry in FIG. 3 produces the digital value
of the PV panel output current for the MPPT 32. According
to FIG. 3, the resistive current sensor requires a precise
difference amplifier in order to accurately measure the
current. Also, at light loads the accuracy of the resistive
current sensor is highly compromised due to the small value
of the current sense resistor R,,,.. Therefore, at light loads
the performance of MPPT is significantly deteriorated.

For multi-input PV power conditioning systems, in par-
ticular, the input current sensors add a lot of complexity and
cost to the power conditioning system. The arrangement in
FIG. 4 shows an exemplary arrangement of a four-input PV
power conditioning system. This power conditioning system
is able to perform maximum power point tracking on each
individual panels. However, the power conditioning system
is required to measure each PV panel’s output current in
order to perform maximum power point tracking. The power
conditioning system therefore requires current sense resis-
tors, difference amplifiers and ADCs for each individual
panel. Because of this, current sensors significantly contrib-
ute to the overall cost of the power conditioning system.

In addition to the above, there is another difficulty related
to using resistive current sensors for multi-input power
conditioning systems. The arrangement in FIG. 5 shows the
multi-input PV power conditioning system with resistive
current sensors. In order to minimize the required isolation
circuitry for the DC/DC converter, the control system should
have the same ground as the control system. This is because
gate pulses produced by the control system can be directly
applied to the DC/DC converters power switches without
isolation. However, in this arrangement, the multiple inputs
of the power conditioning system cannot operate in parallel,
since the current sense resistors will be in parallel and cannot
indicate the precise value of the current for each panel. This
difficulty restricts the application of the multi-input PV
power conditioning systems for different applications. In
particular, this arrangement cannot be applied to applica-
tions where the PV panels are arranged in parallel.

There is therefore a need for a simple and practical
solution which can provide the output current information
for the PV panel. Preferably, such a solution should not add
extra circuitry to the power conditioning system. It would
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also be preferable if such a solution can provide the current
information very precisely and reliably under different con-
ditions.

SUMMARY

The present invention provides systems, methods, and
devices for use with photovoltaic micro-inverters. A control
system for controlling power switches in a full bridge
inverter in a DC/DC converter uses an estimate of the output
current of a photovoltaic (PV) panel. The estimate is pro-
vided by a current estimator that takes as input the output
voltage of the PV panel as well as the bus voltage of the
DC/DC converter. Also used as input to the current estimator
are two of the control signals for specific power switches in
the full bridge inverter in the DC/DC converter.

In one aspect, the present invention provides a control
system for controlling a DC/DC converter for a photovoltaic
panel, the control system comprising:

a current estimator for providing an estimated output
current of said photovoltaic panel, said current estima-
tor basing said output current on an output voltage of
said photovoltaic panel and on a bus voltage of said
DC/DC converter;

a maximum power point tracker (MPPT) for producing a
reference value for an output voltage for said photo-
voltaic panel, said MPPT receiving said estimated
output current from said current estimator;

an input voltage controller for producing a desired phase
shift for regulating an input voltage of said DC/DC
converter, said input voltage controller receiving said
reference value from said MPPT;

a phase-shift modulator for producing control signals for
power switches in said DC/DC converter based on said
desired phase shift;

wherein said current estimator is based on nonlinear
dynamics of said DC/DC converter.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments of the present invention will now be
described by reference to the following figures, in which
identical reference numerals in different figures indicate
identical elements and in which:

FIG. 1 shows an exemplary arrangement of a two-stage
PV power conditioning system according to the prior art;

FIG. 2 shows an exemplary arrangement of the DC/DC
converter control system according to the prior art;

FIG. 3 shows an exemplary arrangement of the resistive
current sensor used to measure the output current of a PV
panel according to the prior art;

FIG. 4 shows an exemplary arrangement of a four-input
PV power conditioning system according to the prior art;

FIG. 5 shows the multi-input PV power conditioning
system with resistive current sensors according to the prior
art;

FIG. 6 illustrates a PV power conditioning system with a
current sensorless MPPT according to one aspect of the
invention;

FIG. 7 illustrates the circuit implementing the current
observer for the output current of PV panel;

FIG. 8 shows the switching pulses of the power switches
in the DC/DC converter when the invention is implemented;

FIG. 9 shows the step size for the discrete calculation of
the digital observer in each switching cycle;

FIG. 10 shows the block diagram of the current observer
for the output current of the PV panel;
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FIG. 11 show various simulation waveforms for the
DC/DC converter using one aspect of the invention;

FIG. 12 show further waveforms illustrating the accuracy
of the observer according to one aspect of the invention;

FIG. 13 illustrate various waveforms which show that the
observer of the invention is able to accurately estimate the
output current of the PV panel;

FIG. 14 illustrates the transient performance of the closed
loop control system;

FIG. 15 shows the steady-state performance of the pro-
totype converter using the invention; and

FIG. 16 illustrates the transient performance of the pro-
totype converter using the invention.

DETAILED DESCRIPTION

In one aspect, the present invention relates to a current
sensorless MPPT for PV power conditioning systems. The
technique of the invention eliminates the need for current
sense circuitry for measuring the output current of PV
panels. As well, the technique of the invention can precisely
estimate the output current of the PV panel for maximum
power point tracking. The technique can greatly reduce the
power conditioning system circuitry and, in turn, can reduce
the overall cost of the power conditioning system. Addition-
ally, the technique of the invention is not sensitive to the
operating condition of the power conditioning system. Thus,
this aspect of the invention can precisely estimate the current
for different load conditions.

The arrangement in FIG. 6 shows a system according to
one aspect of the invention. In FIG. 6, a PV power condi-
tioning system 100 with the current sensorless MPPT is
illustrated. Referring to FIG. 6, illustrated are: a DC/DC
converter 110, and a DC/DC converter control system 120.
The DC/DC converter 110 is a series resonant converter. The
DC/DC converter control system 120 includes a current
estimator 130, an MPPT 32, an input voltage controller 150,
and a phase-shift modulator 160. The current estimator 130
estimates the output current of the PV panel using the output
voltage of the PV panel and the DC-bus voltage. The
estimated current and the PV output voltage are applied to
the MPPT 32. The MPPT 32 produces the reference value
for the PV panel output voltage, v*,,. This reference value
is sent to the input voltage controller 150. The input voltage
controller 150 produces the appropriate phase-shift, ¢ in
order to regulate the input voltage of the DC/DC converter.
The phase-shift 1 is sent to the phase-shift modulator 160
and the phase-shift modulator 160 generates the gate pulses
for the power switches S-S, according to the inserted
phase-shift ).

The current estimator is designed based on the DC/DC
converter mathematical dynamics. According to FIG. 6, the
dynamics of the DC/DC converter 110 are given by:

di, 1 I 0 ®
ar - L Vag L ves LSSIgn pVaus
dVCS _ 1 . (2)
dr ~ al”
dvpys 1 i - ’ 3)
dr Cpus'”' CausR, °°

According to Eqn. (1), Eqn. (2), and Eqn. (3), the dynam-
ics of the DC/DC converter describe a nonlinear system.
These nonlinear dynamics presents one of the main diffi-
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culties in designing a current estimator for these systems. It
should be noted that the dynamics given by Eqn. (1), Eqn.
(2), Eqn. (3) represent a very precise model of the converter
compared to the average model or the fundamental equiva-
lent model.

The objective is to design an observer which is able to
estimate the output current of the PV panel or, more pre-
cisely, the output current of the PV panel in the DC com-
ponent of the DC/DC converter input current, i,,,.

Since the DC/DC converter input current, i, can be
derived from the series resonant current, i,, the objective
becomes one of estimating the series resonant current i,
using the dynamics given by Eqn. (1), Eqn. (2), and Eqn. (3).
The only measurable state variable in these dynamics is the
DC-bus voltage, vz,,s. Therefore, the system dynamics can
be rewritten as:

X = f(X) +g-ul )

y=h=x;

Zsre: {

where

——xy -
Ls

h .
/3

1
—— x| = Bxs
Cpus

Z sign(x )x3

I,

)

0
0

—

"~ CpusR.’

and u(r) = vap.

In order to design an observer for x, =i, the observability
of the system with respect to the specified measurable
output, y=h=x;=v,,s, should be confirmed. The observabil-
ity of the nonlinear system is examined by using the Lie
derivative of the measurable output with respect to the
system vector field, f. In particular, the rank of the following
matrix determines the observability of the nonlinear system:

®)
. 0 0 1
VM) | ,
0=|VLih =] Caus lxl
VIZ(h) B x 1 x 1 . Xy >
f —_—r— == — ——sign(x;)— -
Cy |y CrlLg x| CylL, en 1)|961| P

According to Eqn. (5), the system is observable with vz, ¢
as the only measurable state everywhere except x,=0.
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6

Because the system is observable, the adaptive observer
introduced in the present invention is given by:

1 1 1 6)

& = VAT Zﬁ?z - L—Ssign(ﬁcl)x3 + 1%
X L, - @)
X2 = axl + (a3
5 P . (8)
=5 [&1] = Bxs + 3 X3
BUS
5 - ©)
B=yx3%s

T = X1 sign(vag) a0

Tpy = LPF(iy,) an

where the coefficients i, 1,, [i;, ¥ are the observer gains.
FIG. 7 shows the current observer for the output current of
PV panel. In FIG. 7, S, (t) and S;(t) are the switching pulses
for power switch S, and S; respectively. It should be noted
that the circuit in FIG. 7 merely implements Eqn. (6)-Eqn.
(11) above. The switching pulses of the power switches in
the DC/DC converter are illustrated in FIG. 8 for clarity.
Also, in FIG. 7, sgn represents the sign function (i.e. for the
sgn function, if the input is positive the output of the sgn
function is +1, if the input is negative the output of the sgn
function is -1, and if the input is zero the output of the sgn
function is 0), LPF represents a generic low pass filter.

It should be noted that there are a few subtleties in the
digital implementation of the observer of the present inven-
tion. One of the main subtleties stems from the fact that the
observer subsystem is nonlinear. Because of this, special
attention should be paid to discretizing the observer in order
to accurately estimate the output current of the PV panel.
The digital observer introduced in the present invention can
be represented by the following difference equations:

HE) =k k-1 + (12)

Ti k K= 1) o (k) + 2ok — 1
Z_LS(VAB( )+ vapk - ))_Z_LS(XZ( )+ Xa(k-1) -

T, (k) +x (k-1 T,
s P D ey A i 5 1
T, T 13
22k = (k= )+ 500+ 21k~ D)+ Gz -1y
s T (14)
Bl =Xk - D+ s —lu @) + 3k - DI -
BUS
Ty N N 3Ty -
5 X (0(B) + Bk = D)+ == G () + X3tk = 1)

A A T 15
B = Bk = 1)+ 25 w00 + 3tk = 1) 0

Tinlh) = 1 (k)sign(v ap () (16)

i=N—1
Tinlk = )

) an
vk =5
0

Another subtlety relates to the sampling frequency for the
DC-bus voltage, vz, the PV panel output voltage, v, and
the step size for the digital observer calculations. It should
be noted that the series resonant current, x; is a nearly
sinusoidal current with the same frequency as the inverter
output voltage, v, z. Because of this, the observer difference
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equations must be calculated in a much finer step size than
the switching frequency so that one may precisely estimate
the series inductor current. FIG. 9 shows the step size for the
discrete calculation of the digital observer in each switching
cycle. FIG. 9 shows that the step size should be much finer
than the switching period in order to achieve precise calcu-
lation of the series resonant current. Also, the sampling
frequency of the DC-bus voltage and the output voltage of
the PV panel is much coarser than the step size of the
discrete observer calculation (usually once or a few times for
each switching cycle). This is the reason that the discrete
value of the DC-bus voltage vz, 5(n) and the PV output
voltage v,,(n) has an argument different from the step size

The estimated series inductor current X;(k) and the
switching pattern of the full-bridge inverter, in particular
S,(1)-S5(1), determines the input current of the series reso-
nant converter, 1,,(k). Finally, the estimated PV panel output
current, 1., is the DC-value of the estimated input current of
the converter. FIG. 10 shows the block diagram of the
current observer for the output current of the PV panel. FIG.
10 shows the digital current observer 130, which includes:
series resonant current observer 170, adaptive law 180, input
current estimator 190, and finite impulse response (FIR)
filter 200. The series resonant current observer 170 estimates
the series resonant current ip (k) as the main output. The other
outputs are the estimated series capacitor voltage, X,(k), and
the estimated DC-bus voltage, X;(k). The inputs to the series
resonant current observer 170 are the switching signals S, (k)
and S;(k), the sampled PV panel output voltage, v,,(n), the
sampled DC-bus voltage v, (), and the parameter (k).
The series resonant current observer 170 implements Eqn.
(12), Eqn. (13), and Eqn. (14). The adaptive law 180
implements Eqn. (15). The adaptive law 180 estimates the
parameter (k) as the output using the sampled DC-bus
voltage vz;,(n) and the estimated DC-bus voltage X;(k) as
the inputs. The input current estimator 190 implements Eqn.
(16). The input current estimator 190 receives the estimated
series resonant current, ip(k), and the switching signals,
S, (k)-S;(k), as the inputs and produces the estimated input
current 1,,(k) as the output. The FIR 200 implements Eqn.
(17). Eqn. (17) represents the simplest form of an FIR filter.
However, any appropriately designed FIR can be used to
extract the DC-value of the estimated input current 1, (k).
The FIR 200 receives the estimated input current i, (k) as the
input and produces the estimated PV panel output current
i,,(k) as the output.

Simulation waveforms of the DC/DC converter with the
current sensorless MPPT are shown in FIG. 11, FIG. 12,
FIG. 13, and FIG. 14. The waveforms in FIG. 11 include: the
inverter output voltage, v 5, the estimated series resonant
current, ip, the estimated series capacitor voltage, ¥, and
the transformer primary voltage, v,,,. Referring to FIG. 12,
illustrated are: the actual series resonant current, i,, the
estimated series resonant current, i,,, the actual series capaci-
tor voltage, v, and the estimated series capacitor voltage
Vs FIG. 12 shows the accuracy of the observer according
to one aspect of the invention. FIG. 13 shows the estimated
series resonant current, ip, the estimated converter input
current, 1, and the estimated PV output current, i, FIG. 13
shows that the observer according to one aspect of the
invention is able to accurately estimate the output current of
the PV panel. The transient performance of the closed loop
control system is illustrated in FIG. 14. Referring to FIG. 14
illustrated are: the transient performance of the estimated
series resonant current, ip, the estimated PV output current,
iz, and the estimated converter input current, 1i,,,.
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Experimental waveforms of the DC/DC converter proto-
type using the current sensorless MPPT according to one
aspect of the present invention are shown in FIG. 15 and
FIG. 16. FIG. 15 shows the steady-state performance of the
converter and FIG. 16 illustrates the transient performance
of the converter.

It should be noted that the observer according to one
aspect of the invention may be implemented as an ASIC
(application specific integrated circuit). Similarly, the
observer may be implemented using a general purpose
computer and suitable programming and hardware.

The embodiments of the invention may be executed by a
computer processor or similar device programmed in the
manner of method steps, or may be executed by an elec-
tronic system which is provided with means for executing
these steps. Similarly, an electronic memory means such as
computer diskettes, CD-ROMs, Random Access Memory
(RAM), Read Only Memory (ROM) or similar computer
software storage media known in the art, may be pro-
grammed to execute such method steps. As well, electronic
signals representing these method steps may also be trans-
mitted via a communication network.

Embodiments of the invention may be implemented in
any conventional computer programming language. For
example, preferred embodiments may be implemented in a
procedural programming language (e.g.“C”) or an object-
oriented language (e.g.“C++”, “java”, “PHP”, “PYTHON”
or “C#”). Alternative embodiments of the invention may be
implemented as pre-programmed hardware elements, other
related components, or as a combination of hardware and
software components.

Embodiments can be implemented as a computer program
product for use with a computer system. Such implementa-
tions may include a series of computer instructions fixed
either on a tangible medium, such as a computer readable
medium (e.g., a diskette, CD-ROM, ROM, or fixed disk) or
transmittable to a computer system, via a modem or other
interface device, such as a communications adapter con-
nected to a network over a medium. The medium may be
either a tangible medium (e.g., optical or electrical commu-
nications lines) or a medium implemented with wireless
techniques (e.g., microwave, infrared or other transmission
techniques). The series of computer instructions embodies
all or part of the functionality previously described herein.
Those skilled in the art should appreciate that such computer
instructions can be written in a number of programming
languages for use with many computer architectures or
operating systems. Furthermore, such instructions may be
stored in any memory device, such as semiconductor, mag-
netic, optical or other memory devices, and may be trans-
mitted using any communications technology, such as opti-
cal, infrared, microwave, or other transmission technologies.
It is expected that such a computer program product may be
distributed as a removable medium with accompanying
printed or electronic documentation (e.g., shrink-wrapped
software), preloaded with a computer system (e.g., on sys-
tem ROM or fixed disk), or distributed from a server over a
network (e.g., the Internet or World Wide Web). Of course,
some embodiments of the invention may be implemented as
a combination of both software (e.g., a computer program
product) and hardware. Still other embodiments of the
invention may be implemented as entirely hardware, or
entirely software (e.g., a computer program product).

A person understanding this invention may now conceive
of alternative structures and embodiments or variations of
the above all of which are intended to fall within the scope
of the invention as defined in the claims that follow.
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We claim:
1. A control system for controlling a DC/DC converter for
a photovoltaic panel, the control system comprising:

a current estimator for providing an estimated output
current of said photovoltaic panel, said current estima-
tor basing said estimated output current on an output
voltage of said photovoltaic panel and on a bus voltage
of said DC/DC converter;

a maximum power point tracker (MPPT) for producing a
reference value for an output voltage of said photovol-
taic panel, said MPPT receiving said estimated output
current from said current estimator;

an input voltage controller for producing a desired phase
shift for regulating an input voltage of said DC/DC
converter, said input voltage controller receiving said
reference value from said MPPT;

a phase-shift modulator for producing control signals for
power switches in said DC/DC converter based on said
desired phase shift;

wherein said current estimator is based on nonlinear dynam-
ics of said DC/DC converter.

2. The control system according to claim 1, wherein said

estimated output current is the estimated output current of

said photovoltaic panel in a DC component of an input
current to said DC/DC converter.

3. The control system according to claim 1, wherein said
current estimator receives, as inputs, at least two control
signals for power switches in a full bridge inverter in said
DC/DC converter.

4. The control system according to claim 1, wherein an
analog implementation of said current estimator implements

1 A -
—Vap— X2~ Emgn(xl)xg + 133
s

MELETL

: 1
X = =X + 1%
2 Cxl H2X3

X3 = [21] = Bxs + p3%3

Cpus

B =vyxks
lin = X1 sign(vap)

Ipy = LPF(iin)

where,

coefficients 11, 115, 115, ¥ are gains of said current estimator;

X, is an estimated value of i,, i, being a series resonant
current;

L, is a series inductance;

V 5 Is an inverter output voltage;

X, is an estimated value of v, v, being a series capacitor
voltage;

sign is a positive/negative signing function;

X3=Vzrs Vs being a DC-bus voltage of said DC/DC
converter;

X;=x;-X3, X5 being an estimation error of x5, and X5 being
an estimated value of x,;

C, is a series capacitance;

C s 1s a DC-bus capacitance;
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R, being a resistance of said converter;
B is an estimated value of f3;
iy 1s @ DC-value of an estimated input current of said
converter; R
i, 1s an actual value of i, i,, being an estimated input
current of said converter; and
LPF is a function representing a generic low-pass filter.
5. The control system according to claim 1, wherein a
digital implementation of said current estimator can be
represented by difference equations:

S () = Ry — 1) 4 % k K1) = o Gy k) + Ralk — 1
(k) =2 (k - )+2_LS(VAB( )+ vaplk - ))_Z_LS(XZ( )+ Xk —1) -

Ty 4‘{561(/()4'561(/(—1)
T 2

T,
B Gt + stk - 1))

]X3 (n)+

Ty

B =hhk-1+ %(xl(k) k= 1)+ —— @0 + X3k - 1)

Ty

(k) =23k = 1) + Cpis

RAGESACEIY e

T,
B &+ 50— 1)

L Bk + Pk - 1
S xm(Bl + Bk = D)+ ==

- - Ty - -
Py = ik = 1) + —==xs()(@s (k) + T3tk - 1)

Tinlk) = 31 (k)sign(vas (k)

N A
v =5 > Tnlk=d

i=0

where,

coefficients 1, 11,, 115, y are gains of said current estimator;

X, (k) is an iterative estimated value of i, i, being a series
resonant current;

L, is a series inductance;

v,z (K) is an iterative inverter output voltage;

X, (k) is an iterative estimated value of v, v, being a
series capacitor voltage;

T, is a switching cycle,

sign is a positive/negative signing function;

X3 (K= (K), V55 (K) being an iterative DC-bus volt-
age of said DC/DC converter;

X5 (kx5 (k)-x; (k), X5(k) being an iterative estimation
error of x5 (k), and X; (k) being an iterative estimated
value of x5 (k);

C o5 1s a DC-bus capacitance;

[AS (k) is an iterative estimated value of f3;

ip; (k) is a DC-value of an iterative estimated input
current of said converter; and

i,, (k) is an iterative estimated input current of said
converter,

k is a step size,

n is a sampling value discrete from k, and

N is a number of discrete steps in said switching cycle.

6. The control system according to claim 3, wherein a

digital implementation of said current estimator comprises:

a series resonant current observer receiving said at least
two control signals, said output voltage of said photo-
voltaic panel, and said bus voltage of said DC/DC
converter;

an adaptive law block for calculating a coefficient used by
said series resonant current observer based on a sensed
bus voltage and on an estimate bus voltage;

an input current estimator receiving a difference between
said at least two control signals and estimated current
from said series resonant current observer;
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a finite impulse response filter receiving an output of said
input current estimator, said finite impulse response
filter producing an output of said current estimator.

#* #* #* #* #*



